Abstract This study examined the end-of-winter snow storage, its distribution and the spatial and temporal melt patterns of a large, low gradient wetland at Polar Bear Pass, Bathurst Island, Nunavut, Canada. The project utilized a combination of field observations and a physically-based snowmelt model. Topography and wind were the major controls on snow distribution in the region, and snow was routinely scoured from the hilltop regions and deposited into hillslopes and valleys. Timing and duration of snowmelt at Polar Bear Pass were similar in 2008 and 2009. The snowmelt was initiated by an increase in air temperature and net radiation receipt. Inter-annual variability in spatial snowmelt patterns was evident at Polar Bear Pass and was attributed to a non-uniform snow cover distribution and local microclimate conditions. In situ field studies and modelling remain important in High Arctic regions for assessing wetland water budgets and runoff, in addition to model parameterization and validation of satellite imagery.
INTRODUCTION
The High Arctic landscape is generally desolate, with cold, dry conditions and little vegetation growth . In some regions, conditions favourable for the development of freshwater ecosystems such as wetlands can be found (Abnizova and Young 2010) . The majority of the wetlands are small (tens of square metres in area) and consist of patchy strips of vegetation. Although less common, larger low-gradient extensive wetlands can develop as an aggregation of smaller wetland patches (Woo and Young 2006) . Wetlands may develop and/or persist in areas where the inputs of water exceed the losses of water. This positive surplus of water will generally maintain a high water table throughout the growing season, and encourage the growth of vascular wetland vegetation (e.g. Boudreau and Rouse, 1995) . Continuous permafrost creates an impermeable boundary to vertical water drainage from wetland areas, and a shallow active layer in the High Arctic reduces the quantity of water needed for saturated conditions; both of these factors aid in the development of wetlands.
To date, considerable effort has been made to understand the hydrology of High Arctic wetlands, especially small, patchy ones (e.g. Young 2008) and to a certain degree meso-scale wetland systems (e.g. Guan 2006, Abnizova and Young 2010) . Detailed studies focusing on the hydrology of extensive low-gradient wetlands (approx. 100 km 2 ) in the Canadian Arctic Archipelago (CAA) are largely absent from the scientific literature, aside from a study situated within the large Truelove Lowland, Devon Island (Rydén 1977) . However, this study's hydrological observations were only focused on a small wet meadow area (approx. 0.12 km 2 ). Bylot Island wetlands have received some attention in the literature (e.g. Ellis and Rochefort 2006) ; however here, research has focused essentially on moisture control of eco-physiology, nutrient cycling, decomposition and carbon flux processes. Aerial reconnaissance in 2010 indicates that Polar Bear Pass is representative of other large wetland systems on Bathurst Island (e.g. southwest Bathurst Island, near Alison Inlet) themselves characterized by an abundance of low-centred polygon ponds. Nevertheless, Nettleship and Smith (1975, p. 17) state that "Polar Bear Pass is the most significant area for wildlife on Bathurst Island".
The source of freshwater to an extensive wetland may come from a variety of sources such as precipitation (rain/snow), streamflow, overland seepage from ponds and lakes and ground ice melt (Abnizova and Young 2010) . Generally, the most important and largest source of freshwater occurs during spring snowmelt (Pohl et al. 2005) which often recharges wet meadows, ponds, lakes and streams. Accurate predictions of snow in High Arctic regions are difficult to obtain due to scarcity of gauge networks, as well as gauge undercatch bias (Sugiura et al. 2003 , Yang et al. 2005 .
The end-of-winter snow cover is generally continuous , but is highly variable spatially due to topography and wind redistribution (e.g. Liston and Sturm, 2002, Davidson et al. 2006) . As such, end-of-winter snow surveys are often relied upon to arrive at a realistic representation of snow cover accumulation and its distribution over the landscape (Liston and Sturm 2002, Bruland et al. 2004) . Both the quantity of snow and its distribution over a catchment can control recharge and the sustainability of wet meadows, ponds and streams both at the time of peak snowmelt and later on in the short summer season through persistent meltwater inputs of late-lying snow beds (Apgar et al. 2007, Abnizova and Young 2010) .
The topography of an area can also have major influences on snowmelt, creating a variable melt rate based on aspect and slope (Luce et al. 1998) . Physically-based snowmelt models developed for Arctic environments can be utilized to account for a spatially distributed snowmelt rate with local findings upscaled to a meso-or regional scale (e.g. Woo and Young 2004 , Liston and Elder 2006 . They are useful for defining the timing, duration and end of the spring snowmelt period, and can highlight the energy fluxes dominating snowmelt. Ensuing snowmelt can be incorporated into northern hydrological models (e.g. WATCLASS-Pohl et al. 2005 , CRHM-Pomeroy et al. 2007 ) to address related hydrological processes, such as runoff, ground thaw, soil moisture recharge and evaporation from wet meadows and open water bodies (lakes, ponds).
Adequate snow accumulation is essential for the existence of High Arctic wetlands (Woo and Young 2006) . Water table levels are replenished in the spring during the melt of winter snowpacks. Shallow snow melts first and provides an initial input of water to the wetland. This is often followed by meltwater from late-lying snowpacks found in the lee of slopes and deeper snowpacks located in incised stream valleys which may provide a sustained freshwater source to the area (Woo and Young 2006) .
Spatial variation in snow depth will have an effect on runoff patterns, and thus water availability in the wetland. Understanding the inter-annual variability of wetland snow depths is also critical, both in the long-term for identifying trends in snow depth (decreasing/increasing snowpack thickness), and in the short-term for assessing the effect of a changing snowpack thickness (e.g. low snow year) on wetland sustainability and its impact on grazing animals. Exceptionally deep snow, occurring even in one year can hinder grazing by ungulates, leading to significant die-offs (see Miller and Barry 2009) .
The High Arctic region is expected to experience an altered climate due to anthropogenic warming. Air temperature is expected to increase by 3.7
• C and precipitation by 12.3% by 2071-2100, thus changes to the cryosphere are anticipated (ACIA 2005 . The reduction of the snow covered season and/or area could have an effect on the global climate system due to the positive snow-albedo feedback (Déry and Brown 2007, Euskirchen et al. 2007) . At the local level the sustainability of High Arctic wetlands could be compromised by changes to snow cover amount, extent and snowmelt timing and duration. The period of ground thaw and evaporation could be extended which might significantly reduce water storages in ponds and wet meadows. Clearly, improved understanding of snow cover and melt in extensive low-gradient wetlands is essential for understanding their longevity, and future response to climate variability/change, along with their resilience to future economic development of rich oil/gas and mineral reserves in these northern areas.
The objectives of this study are two-fold. They are to first examine the variability of end-ofwinter snow cover (accumulation and distribution) of a low-gradient, extensive wetland at Polar Bear Pass, Bathurst Island; and secondly, to identify and assess the spatial and temporal seasonal patterns in snowmelt at the local (terrain) and regional (wetland) scales. In this study we employ both a field-based and modelling strategy. (Fig. 1) . Resolute Bay, the nearest Inuit community and government weather station lies approximately 146 km (79 nautical miles) to the southeast. Local Inuit regularly travel to PBP to hunt for caribou and the area is frequented by tourists, especially in the early spring. Polar Bear Pass has been described as the most important wetland on Bathurst Island in terms of its size, productivity and ecological significance (Babb and Bliss 1974) . It has been designated a National Wildlife Area (NWA) and provides food and shelter to migratory birds, muskox and caribou. Polar bears navigate through the Pass routinely, searching for food along the Bathurst Island coastlines.
STUDY AREA
The wetland at PBP is found at the bottom of a valley (approx. 20 km long, 5 km wide) that cuts across the middle of the island from Goodsir Inlet on the east to Bracebridge Inlet on the west (Fig. 2) . This valley was formed when the PBP anticline was preferentially eroded (Kerr 1974) . Primarily, PBP contains Devonian aged sedimentary rocks such as dolomitic sandstone, dolomitic siltstone, limestone, chert boulder conglomerate, dolomite, and remnants of patch reefs (Kerr 1974) . It was glaciated about 35 000-10 000 years ago and till and erratics are common across the region. Surficial materials are composed of glacial sands, gravels or felsenmeer (Blake 1964 , Kerr 1974 ). The valley is surrounded by low rolling hills to the north and the south which rise up 100 to 200 m a.s.l. These hillslopes are dissected by numerous (approx. 45-50) V-shaped meltwater valleys of various sizes (first-to fourth-order).
The valley floor is characterized by a heterogeneous combination of terrain types such as ponds, wet meadows, polygonized ground (see French 2007) , frost cracks, areas of raised dry ground and two prominent lakes. It has a very small vertical gradient (0.002 or 0.1 • ) and low elevation of 24-26 m a.s.l. The combination of a low gradient and poor vertical drainage due to continuous permafrost and a shallow active layer or seasonal thawed zone (max. 1 m deep) impedes water flow out of the wetland ensuring the ground remains saturated. Sheard and Geale (1982) found that the upland regions were sparsely vegetated with small clusters of herbaceous perennials (Saxifraga oppositifolia, Saxifraga caespitose, Papaver radicatum, Cerastium alpinum, Draba, Puccinellia bruggemani, Braya purpurascens), mosses (Ditrichum flexicaulis) and lichens (Collema Sp., Lecidea ramulosa), conducive to polar desert conditions. The low-lying wetland is more hospitable to vegetation growth. Here, reduced wind speeds and higher moisture levels allow plant communities to thrive. Mostly grasses, sedges (e.g. Carex stans and Dupontia fisheri) and Arctic willow (Salix arctica) interspersed with moss mounds (e.g. Orthothecium chryseum, Tomenthyphum nitens) make up the majority of the valley floor (Sheard and Geale 1982) . Vegetation surveys in 2007 at PBP by Young (co-author) confirmed earlier plant descriptions by Sheard and Geale (1982) .
General climate
Polar Bear Pass (PBP) is considered to be a biological oasis within a polar desert climate region. It experiences long, cold winters and short, cool, .
METHODS
Wetlands may develop and/or persist in areas where the input of water exceeds the water loss and a positive storage term is maintained. This positive surplus of water will generally maintain a high water table throughout the growing season, and encourage the growth of vascular wetland vegetation.
The water balance of a basin can be expressed as:
where S is the change in storage, M is the snow and icemelt, R is the rainfall, E is the evaporation and sublimation or condensation (positive input) and Q is the runoff into, or out of the wetland. In order for a wetland to sustain itself, the input of the water balance must exceed the output. In polar desert regions, such as PBP, summer precipitation is often limited, and therefore the spring snowmelt has been found to be an important source of freshwater into the system . This specific study focuses on the snow component of the water balance.
Field approach

End-of-winter snow survey
In the High Arctic, snow is a large percentage of the yearly precipitation total Marsh 1978, Prowse et al. 2006) . Snow that falls during the long winter is redistributed due to high wind speeds, preferentially moving from windblown to sheltered areas. Mid-winter melt events are still rare in the High Arctic, though reports of rain-on-snow events (ROS) are increasing across the Circumpolar North (e.g. Floyd et al. 2008 , Ye et al. 2008 . Occasionally, these events can result in icings which can lead to a massive loss of muskox and caribou (Miller and Barry 2009 ). Since error levels are high for snow gauges, they often undercatch during wind events, and meteorological instruments usually freeze-up during winter, the determination of the end-of-winter snow cover is still an acceptable estimate of snow/water inputs for Arctic water balance studies (Liston and Sturm 2002 ).
An extensive end-of-winter snow survey of snow depth and density was undertaken in mid to late May 2008 and 2009 across the PBP wetland and surrounding area to determine (a) the snow storage (in snow water equivalent units, mm), and (b) its distribution pattern because this can modify melt and runoff patterns. Since the wetland target area is large, approximately 100 km 2 , and contains a variety of terrain: plateau, wet meadow, lake, pond, stream valley, and late-lying snow bed, the terrain-based snow survey approach outlined by Woo (1997) for Arctic snow covers was followed. Normally, one or more representative terrain-types were surveyed for snow depth and snow density.
For the ponds, GPS (Garmin, XL12) coordinates of the four corner points (±5 m) were used to locate the pond and systematically establish transects. Four transects were located around the general pond border, and two across the centre forming an "X" to encompass the pond. Snow depth measurements with a metric ruler (±5 mm) or snow rod (±5 mm) were taken along each transect at intervals of 1-5 m depending on pond size. Small ponds were defined as having areas of <100 m 2 , medium sized (between 100 and 1000 m 2 ), while large ponds were >1000 m 2 . For the other terrain features, the snow surveys were carried out along at least three parallel transects with depth measurements at equal intervals along each transect. Like the ponds, coordinates of the start and end points of transects were recorded with a GPS. Here, each depth measurement was the average of four depth measurements around the intended point (about 5 m 2 ). For both ponds and other terrain features, snow density measurements were taken at the start, middle and end of each transect using a Meteorological Service of Canada (MSC) snow core (±7%, Farnes et al. 1982) . Along long transects, snow density measurements were recorded normally at every 10th depth measurement. The density of shallow snow was determined by scraping the snow from a known area (400 cm 2 ) into a sampling bag and weighing its content. The depth of the snow in this area was also measured. Snow survey densities were compared to stratified density measurements taken from snow pits.
The basin snow storage can be computed, once the total area of PBP, as well as the area covered by each of the terrain units and its snow water equivalent is determined. Here:
where S is the snow storage (the sum of m terrain units), ρ i is the mean snow density divided by the density of water (ρ w ), d i is the mean snow depth, and a i is the area of the terrain unit expressed as a fraction of the total area. Finally, a basin-wide error analysis was undertaken following the approach of Woo and Marsh (1978) . Woo (1979) were made daily at four representative sites: pond, wet meadow, late-lying snow bed and plateau.
Snowmelt observations Direct surface snowmelt (M) measurements, after Heron and
These measurements provided an indication of the degree of variability of melt on a temporal and spatial basis and a check on modelled melt (see below). The sites were all located in the north-central part of PBP, close to the cabin, allowing daily monitoring. Surface snowmelt was tracked using a simple configuration of a string held taut between two wooden dowels. The dowels were approximately 2.0-2.5 m apart and were driven into the snowpack or ground. The ablation line was marked at 100 mm intervals, and served as a constant reference point for snowpack height. An average of 10 measurements from the line to the top of the snowpack was made daily with a tape measure (±5 mm). Nearby, snow surface density was also determined by weighing five snow samples (±0.1 g) of known volume (200 cm 3 each). The daily rate of surface melt (M) in snow water equivalent units (mm) was then estimated using the following equation:
where h t is the change in snow surface height after each day (mm) and ρ s is the surface snow density and ρ w is the density of water. Travel to the south part of PBP at the time of melt was difficult hindering daily monitoring here. In 2009 only, temperature sensors were located at the bottom of late-lying snow beds on both the northern and southern slopes of PBP at depths of 0.8 and 0.6 m, respectively. Temporal snowmelt patterns were then tracked by Stowaway temperature sensors (±0.1 • C) to provide an indication of the timing and duration of the snowmelt period (Abnizova and Young 2010) . A distinct change in temperature occurs when a snowpack becomes isothermal (0 • C), and again when the area becomes snow-free, as temperatures become equivalent to the air temperature.
Snowmelt modelling strategy
A physically-based snowmelt model ) was employed to assess snowmelt across this low-lying extensive wetland. The model has the capacity to reconstruct the snowpack for various terrain units composing a catchment (e.g. wet meadows, ponds, lakes, slopes of various angles and aspects, valleys, plateau) in relation to a "base station" and then model daily melt according to the surface energy budget. The utility of this model has been confirmed at a range of wetland sites on Ellesmere Island (Young 2008) , Somerset Island (Abnizova and Young 2010) and recently for hillslope meltwater valleys at PBP .
A full description of the model is provided in Woo and Young (2004) , and a summary is provided below. Inputs to the model include both climate and snow information from a base station, and outputs consist of daily energy receipt and snowmelt. Albedo decay in the model follows the empirical function of Woo and Dubreuil (1985) with an adjustment made for lingering snowpacks (e.g. late-lying snow beds). On a daily basis, the cold content of the snowpack at each site is adjusted and ablation of the snowpack (snow water equivalent-SWE, mm) only occurs once the cold content is eliminated. The model has the ability to adjust for lower wind speeds in valley (not implemented here due to the lack of valley wind observations to confirm application) and can modify incoming solar radiation for sloping terrain. Outgoing long-wave radiation is modelled using ε s = 0.97 and modelled surface temperature T s after Woo et al. (1999) . Incoming long-wave radiation is determined by using ε a , the emissivity from the sky according to Idso and Jackson (1969) and air temperature ( • C). Radiation melt from net radiation receipt is composed of two parts: shortwave radiation calculated using incoming radiation adjusted for slope and aspect and the snow albedo (α); and longwave radiation determined as the balance between incoming and outgoing long-wave radiation. The bulk transfer method (Price and Dunne 1976 ) is used to estimate the turbulent fluxes, with temperatures adjusted for elevation differences (i.e. base station versus the terrain unit). Depending on location in the Pass, hourly climate data for the snowmelt model came from automatic weather stations (AWSs) in the central, eastern, southern (2009 only) and western parts of the wetland and include incoming solar radiation (Wm -2 ), air temperature ( • C), relative humidity (%), wind speed (m s -1 ) and precipitation. Atmospheric pressure data (Pa) came from a nearby pressure transducer placed in a perforated well, open to the atmosphere. Occasionally, when data were unavailable (e.g. central wetland site, CAWS; eastern wetland site, EAWS (polar bear attack)), data were used from the main AWS (MAWS) situated on the upper plateau (e.g. air temperature, incoming solar) or another nearby station using appropriate regression techniques. All equipment are listed fully in Young et al. (2010) and Young and Labine (2010) , and were calibrated prior to going into the field. The average field accuracy ranged from ±5 to 7% Labine 2010) .
Polar Bear Pass wetland and surrounding area were classified according to terrain type in order to upscale the snow survey and snowmelt results to the regional scale. Initial snow information from the wet meadow near the CAWS (base station) was indexed to the other terrain. Specifically, a snow index is the ratio of the snowpack at the terrain unit, for example, a pond, in comparison to the snow amount at the base station.
Terrain was classified using a combination of two digitized topographic map sheets (DEMR 1985) and verified using Terra SAR-X satellite imagery (obtained 19 June 2009). A 10 m × 10 m grid was applied over the digitized maps and an area of approximately 160 km 2 was classified. The grid size of 100 m 2 was assumed to be a reasonable resolution for the classification, as most distinguishing terrain features would be larger than 100 m 2 (e.g. ponds). Each grid cell was classified based on terrain type and geographical location. Once the terrain classification was complete, an end-of-winter snow cover value (mm) was assigned to each grid cell based on the terrain type. Inverse distance weighting (ArcGIS) was used to interpolate the snow depth surface across PBP (ESRI 2009).
Several assumptions were made when upscaling the results of the snow survey to the PBP region. First, each 10 m × 10 m grid cell was assigned one specific terrain type (no mixed grid cells). Second, based on end-of-winter snow cover results, there were only 18 possible values of SWE. Ponds or features such as frost cracks, stream channels which were smaller than the 100 m 2 grid resolution may have been classified incorrectly.
The results of the snowmelt model simulations were compared with manual snow ablation measurements at the terrain unit (see above) as well as low-level air photography across the wetland.
RESULTS AND DISCUSSION
End-of-winter snow cover
The following sections focus on two important periods in the hydrology of the PBP wetland: the endof-winter snow cover distribution and the snowmelt period. Snow surveys were used to determine the similarities and differences in snow cover across PBP in both 2008 and 2009. Snowpack estimates were used to upscale the snow water equivalent of the snowpack (SWE) from the local (terrain) to both hillslope stream basins (see Young et al. 2010 ) and the regional (wetland) scale using areal coverage information. Terrain mapping and SWE classifications, together with output from the snowmelt model (mm of daily melt) allowed examination of the temporal and spatial melt patterns of this extensive low-gradient wetland over two seasons (2008, 2009 ). Figures 3 and 4 provide the end-of-winter snow survey of terrain types in 2008 and 2009. As expected, elevated and exposed Arctic environments, the snow amounts measured here were much lower than elsewhere. For instance, Young et al. (1997) Rovansek et al. (1996) report slightly more snow (30-40 cm) but still in the range found at PBP, especially if 2008 data are considered. Bruland et al. (2004) working in a lowland area, Svalbard (1998 Svalbard ( -2000 similarly reports on topographically variable snow depths (20-150 cm) and a comparable distribution pattern to PBP. Higher endof-winter snow depths were reported for non-treed watersheds in Imnavait Creek, Alaska in 2007 (48 and 44 cm) (Homan et al. 2011) , and can be attributed to this site's more southerly location. Snow depths ranged between 0 and 150 cm here, suggesting wind re-distribution effects (Homan et al. 2011) .
Snow depth
Snow depths vary slightly based on pond size and location in PBP. For example, a significant difference in east and west pond snow depths was found (p < 0.001). In general, smaller-sized ponds accumulate more snow than larger ponds in the same area, i.e. in the north (2008): small: 24.7 ± 4.6 cm; medium: 21.9 ± 4.7 cm; large: 18.5 ± 5.4 cm; and in the west (2009): small: 21.9 ± 3.8 cm; medium: 18.8 ± 3.5 cm; large: 14.5 ± 4.3 cm (Fig. 3) . Generally, all ponds had uniform snow covers with pockets of deeper snow found along pond edges, typically areas where vegetation growth is effective in trapping snow.
Pond snow depth varied across the Pass in both 2008 and 2009. In the northern sector, in 2008, pond snow depths ranged from 15.2 to 25 cm, and in 2009, snow depths in the medium sized ponds were less (17.8 ± 4.4 cm) than similar-sized ponds to the south (25.9 ± 2.4 cm). As mentioned above, eastern ponds exhibited shallower snow depths (13.1 ± 4.3 cm in 2008, 5.9 ± 2.0 cm in 2009) than in the west (23.1 ± 5.9 cm in 2008, 18.4 ± 3.7 cm in 2009) (Fig. 3) .
Reasons for this discrepancy are not entirely clear but may be tied to nearness to the sea. Eastern Pass ponds are only about 2 km away from the frozen sea ice in Queens Channel and local spring winds blowing off the sea ice may be effective in re-distributing the snow here. Inuit also report that the caribou frequently graze along the eastern coast of Bathurst Island in the early spring, until the rest of the snowpack starts to disappear on the island. Western sector ponds are at the end of a long inlet (approx. 25 km inland) and are apt to be sheltered from the effects of sea breezes and its control on snow re-distribution. However, analysis of summer climatic conditions between the east and the west part of the Pass revealed little significant differences in wind or temperature, suggesting that further evaluation of winter/spring climatic regimes is required (Young and Labine 2010) .
Pond variations north to south reflect the local topography and wind regime. Winds in the Pass blow consistently from the northern sector (northwest to northeast) (see Young and Labine 2010) and ponds lying in the north appear to be subject to more wind re-distribution. Overall more snow accumulated in the ponds in 2008 than 2009, and this was evident across the entire Pass. Totals were comparable to Woo and Guan (2006) for a meso-scale polar oasis wetland site on Ellesmere Island, but were lower than that reported for a similar sized wetland (23 km 2 ) on Somerset Island (Abnizova and Young 2010) . Here pond snowpacks ranged from 35 to 71 cm depending on substrate type (i.e. coastal, glacial and bedrock). Like our study, both Woo and Guan (2006) and Abnizova and Young (2010) observed inter-annual variations in pond snow depths.
There are two large lakes in the wetland, however, only the larger one, Hunting Camp Lake (HCL, unofficial name) was surveyed. It was assumed that the snow cover for both would be similar, since ice surfaces tend to be smooth and provide little resistance to wind flow. The snow cover was characterized by patches of bare ice interspersed with ridge-like snow drifts, a characteristic of lake ice cover observed elsewhere (e.g. Alaska's Arctic Coastal Plain- Sturm and Liston 2003) . The average snow depth in 2008 was 19.4 ± 9.4 cm (n = 60) and 17.8 ± 9.6 cm (n = 53) in 2009 (Fig. 4) , estimates similar to those reported by Sturm and Liston (2003) for lakes in Alaska in 2000-2001. Deep late-lying snow beds are found in the lee of hillslopes bordering the wetland where winds are reduced . They are important in providing meltwater to downslope wetland terrain long after the seasonal snowpack has melted out. Snow depths in these snow beds located both on the northern and southern slopes varied from 40.4 to 57.3 cm (Fig. 4) and were shallower than findings by Lewkowicz and Young (1990) at Ross Point, Melville Island, where snow depths exceeded 1000 cm.
Like the late-lying snow beds, stream valleys surveyed across PBP accumulated some of the deepest snowpacks (Fig. 4) , even though snow depths here were still likely underestimated. Occasionally, hard ice layers are mistaken for the ground or else, snow rods are insufficient to reach the valley bottom. These limitations in snow survey techniques have been reported elsewhere (Cockburn and Lamoureux 2008) . Due to the interaction between wind and topography, snow accumulation across the stream valleys was rarely symmetrical, with one valley slope collecting more snow than the other. This type of snow pattern is typical for stream channels/valleys in the High Arctic and can have implications for runoff patterns (Woo and Sauriol 1980) . Geographically, the southern stream valleys collected more snow than north valley streams, though the reasons why are not yet clear. Like other terrain units, year-to-year variations continue to be the norm.
Snow density
Like other studies (e.g. Marsh 1978, Homan et al. 2011) , snow density varied little (coefficient of variation, cv = 0.14, n = 415) in comparison to snow depths (cv = 0.68, n = 2640) at PBP (Figs 3 and 4) . Most values fell in the range between 250 and 350 kg m -3 , an interval consistent with end-of-winter values reported by Woo et al. (1981) near Resolute Bay, Cornwallis Island and Sturm and Liston (2003) along the Alaskan Arctic Coastal Plain. Higher snow densities occurred in deep snowpacks (lee of slopes, stream valleys) due to compaction while in exposed areas where snow was frequently blown around (e.g. the wet meadow), the densities were often lower. Both patterns have been noted by others (Woo and Marsh 1978) .
An evaluation of snow-pit snow densities compared to surveyed ones revealed that, while the range was similar (250-350 kg/m 3 ), survey values were 5-12% lower than snow-pit values and thus SWE may have been underestimated; an error also acknowledged by Sturm and Liston (2003) .
Snow water equivalent
As in other studies in the Arctic and elsewhere (e.g. Cayan 1996 , Sturm et al. 2010 , the snow water equivalent (SWE, mm) was found to be driven by variations in snow depth rather than snow density and variability in snow cover from year-to-year is typical. In 2008 the exposed ponds, lakes, and wet meadows accumulated slightly more snow than in 2009 but sheltered valleys and slopes captured higher amounts in 2009 (Fig. 4) . During winter 2009, the MAWS indicated periods of high winds. From 20 to 23 January, the average windspeed was 12.4 m s -1 , and from 19 to 21 April, the average speed was 10.6 m s -1 . During these episodes, snow was likely transferred from the hilltops into protected locations (lee of hills, incised valleys). Despite deeper snow in the valleys and on the slopes which border PBP, the ponds, wet meadow and lakes account for the greatest terrain coverage in the low-lying Pass (roughly, ponds: 15%, wet meadows: 75%, and lakes 10%). In 2008, the end-of-winter SWE for PBP when only the low-lying wetland zone is considered was 58 mm. In 2009, this was reduced to 46 mm (Table 2) (Woo and Marsh 1978) .
Given that our snow survey errors for the wetland are within reasonable limits (Table 2) , then it is fair to conclude that 2008 and 2009 were two low snow years at PBP. Our results further suggest that snow cover data from the government weather station at Resolute Bay, which is relatively close, cannot yet be projected to PBP.
Relationship between snow depth and SWE
In order to examine the correlation between end-of-winter snow depth and SWE values, scatter plots were created (Fig. 5) . These empirical relationships could eventually reduce the need for large scale snow surveys of depth and density in the Pass.
Understandably, there is a high level of correlation between snow depth and SWE and the slope of the line indicates the average snow density. The 2008-2009 data sets (see Fig. 5 ) show strong relationships (R 2 = 0.96). Strong linear correlations between snow depth and SWE (R 2 = 0.95) were also reported by Sturm et al. (2010) and Jonas et al. (2009) . These linear equations, while site specific could potentially be used to estimate SWE for the wetland when only snow depths are known, perhaps reducing the need for personnel during spring snow surveys, or expanding the capability of remote sensing imagery in these remote sites, especially ones which presently only provide estimates of snow depth rather than SWE. Recently, Sturm et al. (2010) developed a model utilizing data from Canada, Switzerland and USA to convert snow depth to SWE. It is possible that the results from PBP could be used to validate their approach. Reliable snow water equivalent estimates for deep hillslope snowpacks and incised stream valleys continue to elude us. Here, both snow depths and snow density estimates are likely underestimated (Cockburn and Lamoureux 2008) .
Climatic conditions
The climatic conditions during snowmelt at PBP in 2008 and 2009 (Fig. 6 ) demonstrate typical interannual variability for this wetland site. Climatic conditions were slightly warmer and windier in 2008 than in 2009. Net radiation was the most important energy source during the snowmelt season, followed by turbulent fluxes, which tend to grow in importance especially in windswept terrain, and once a patchy snow cover has developed . In 2008 and 2009, the turbulent fluxes were similar for other snow covered terrain, at about 50% of net radiation . In 2008 only, rain-onsnow (ROS) events occurred, accelerating melt early in June.
Snowmelt
4.3.1 Snowmelt-observed Surface snowmelt at four representative sites (pond, wet meadow, late-lying snow bed and plateau) was tracked daily in [2008] [2009] (Fig. 7) . In 2008, an increase in daytime temperatures above 0
• C coupled with an increase in Q * to above 100 W m -2 on 5 June triggered a rapid increase in melt rate. In 2009, this increase occurred one day later (6 June). Due to comparable snowpacks and climatic conditions (2008) (2009) , melt initiation, melt rate and duration were remarkably similar in both years (Fig. 7) .
Snowmelt lasted for eight days at the plateau, while ponds and wet meadows were snow free after 10 days. Late-lying snow beds lingered with some disappearing after two weeks, while others persisted for a few additional weeks. Many late-lying snow beds at PBP are hydrologically linked to the wetland and provide meltwater to their adjacent wet meadows and ponds, long after the main snowmelt season has expired, a finding reported elsewhere in the High Arctic (e.g. Abnizova and Young 2010) .
Differences in the end-of-winter snow cover and timing and duration of the snowmelt season between the north and south sides of PBP were observed in 2008 and documented in 2009. Visually, the snowpacks on the north (south-facing) hillslopes were dust covered, while the south (north-facing) hillslopes were clean. In the north, aeolian sediments were carried from the exposed hilltop plateau (thin snow cover here) and then re-deposited on nearby hillslopes and valleys. A dirty snowpack can reduce albedo of the snow, and thus increase radiation loading to the snowpack, accelerating melt Dubreuil 1985, Adhikary et al. 2002) . The AWSs located in the north and south portion of PBP during the snowmelt period, similarly indicated differences in the climate. The air temperature in the north (southern aspect) was slightly higher than the south (northern aspect) (Fig. 8) , potentially accelerating melt in this area.
The north (south-facing) late-lying snow bed (LLS) accumulated more snow than the north-facing LLS. This discrepancy in snow depth was due to the angle of the hillslope-the north (south-facing) slope rose more steeply from the valley floor, affording greater shelter from eroding winds than the south (north-facing) slope which had a gentler slope. Despite the differences in snow depth, the south (north-facing) slope ripened 7 days later (14 June 2009) than the north (south-facing) (7 June 2009), but melt duration was shorter here simply due to a diminished snowpack (see Fig. 8 ).
Modelled melt-validation
Ablation lines can provide detailed snowmelt information, but are only applicable to the local area of measurement and cannot be extrapolated with much confidence owing to landscape heterogeneity. Determination of large-scale patterns of snowmelt across a wetland is often desired in order to assess differences in timing and duration of the snowmelt season, to quantify the water budget, and with respect to ongoing studies at PBP, runoff along with nutrient and carbon fluxes into the surrounding sea channels. Hence, a physicallybased snowmelt model ) using inputs of end-of-winter snow survey results and climatic data from AWSs at PBP was utilized, in order to assess the spatial and temporal melt pattern of the larger PBP wetland scale (100 km 2 ). Young et al. (2010) exceeds Q * M . This discrepancy resulted from a patchy snow cover near the radiometer, which led to changes in albedo and net radiation receipt. Albedo of the snowpack decays as the snow melts. After 21 June 2009, the relationship improves as the albedo fell to snow-free conditions. Young et al. (2010) similarly noted that 2008 modelled melt was off by a few days (initiation and duration) with measured sites and attributed this to inherent errors with both approaches. Mathevet and Garçon (2010) recently remarked candidly on the limitations of both field data and models in hydrological studies. For our particular hydrological research efforts at PBP, a discrepancy of a few days between modelled and measured melt is acceptable, but it may not be for other investigations.
4.3.3
Regional end-of-winter snow cover and modelled melt If we consider just the low-lying wetland of PBP minus the hillslopes and stream valleys (see Fig. 2 ), Fig. 10 illustrates the end-of-winter snow cover for PBP. It shows the progression of melt modelled throughout the wetland from early to late season in [2008] [2009] . In both years, the snow distribution was clearly modified by the location of ponds, lakes and wet meadows. For instance, in 2008, at the end of our snow survey (ca. 30 May), the large lakes were distinguishable from the surrounding wet meadow and ponds, and the southern and western ponds had deeper snowpacks than the eastern and north-central ones (see Fig. 10(a) ). By 14 June 2008, most of the wetland had undergone some melt and three days later the wetland was essentially snow-free (< 5 mm). Some residual snow existed in the western part of the Pass and along slopes and stream valleys on the edges of the mapped wetland.
In 2009, ponds, lakes and wet meadows had a shallower snowpack and an altered snow pattern relative to 2008 (Fig. 10(b) ). By 27 May, the end of our snow survey, the eastern ponds had significantly less snow than western ponds, and ponds on the southern part of the Pass had deeper snowpacks than ones adjacent to the north side. This spatial heterogeneity influenced the melt pattern across the wetland. After 13 June 2009, favourable climatic conditions existed (warmer Tair, positive Q * ) and there was a broad reduction of snow across the wetland. Still most of the wetland remained snow covered, except for the eastern ponds, which were completely bare of snow, in stark contrast to the western ponds. Photographs during aerial surveys confirmed this spatial melt pattern (Fig. 11) was snow-free, with again, some residual snow occurring in a few isolated ponds along the wetland border. snow remains (i.e. deep late-lying snow beds with small areal footprints) and this is reflected in the distribution curves. Other researchers have observed similar melt patterns (Luce et al. 1998 (Luce et al. , 1999 .
Snow probability distributions (2008-
The dates when a wetland becomes snow-free, both at the local and regional scale can be considered an important environmental variable. It can signal when the snow cover starts to become patchy and when advection of sensible heat onto the remaining snowpack will accelerate melt (e.g. Neumann and Marsh 1998) . It helps define the transition period from spring to summer, when hydrologically, evaporation, runoff and ground thaw (e.g. vertical water seepage) grow in importance and water losses are enhanced. As well, it is the time when ponds and lake waters begin to warm, influencing macro-benthic diversity and other ecological processes (Prowse et al. 2006) . Identifying the change from snow-covered to snow-free areas at the regional (wetland) scale can also be critical for large scale modelling and satellite validation (Zhao and Fernandes 2009). 
Depletion curves (2008-2009)
Snow cover depletion curves were developed to examine the relationship between fractional snow cover and SWE values. As expected, they exhibit a similar shape in both years (2008) (2009) (Fig. 13) . A period of melt without a large reduction in snow-covered area is followed by a rapid decrease. The depletion curves in 2008-2009 are similar to those of Woo and Young (2004) but slight differences exist, especially near the end of melt. These variations are attributed to the terrain types examined in the two studies. In the Woo and Young (2004) study, rolling terrain, dissected terrain and slopes of varying aspects and angles dominated the 13 km × 16 km target area, whereas in our study, ponds, lakes and wet meadows dominate the wetland Pass, their SWE values and melt-out rates being quite similar. Likewise, Homan et al. (2011) report depletion curves similar in shape to ours for an area in Alaska with low snow cover heterogeneity. Here, a period of a loss of SWE without a considerable loss in snow-covered area was followed by a rapid decrease in both SWE and snow-covered area.
The results of our snowmelt simulations further confirm that inter-annual variability in snowmelt timing and duration is the norm for High Arctic sites (Kane et al. 1997 , Déry et al. 2005 , Tan et al. 2011 and that sub-grid snow distribution is an important aspect of snowmelt modelling (Liston 2004 , Déry et al. 2005 . Utilization of fractional snow-covered area (from depletion curves) in snowmelt models can assist in partitioning the energy fluxes between snow-covered and snow-free areas thus helping to improve snowmelt modelling efforts (Liston 2004) .
CONCLUSIONS
The wetland at Polar Bear Pass is composed of a number of different terrain units, such as low-lying ponds, lakes and wet meadows, with hillslopes, stream valleys and plateau areas bordering it. Spatial snow distribution here is largely controlled by topography and wind-an important consideration when modelling snowmelt. The wind-scoured low-lying areas consistently accumulate less snow than the sheltered hillslopes and stream valleys; however inter-annual variability does occur due to varying winter climatic conditions (periods of snow, and strong winds from the northern sector). PBP demonstrated a strong geographic pattern of snow cover, especially with regards to its ponds. The eastern portion of PBP accumulated less snow than the west. The prevailing north-westerly winds preferentially redistributed snow from the north to the south, with observable effects on snowmelt timing. This non-uniform snow cover, along with spatial variability of climatic conditions across the Pass, especially Q * receipt (Young and Labine 2010) combined to create an uneven melt rate across the wetland. Moreover, both 2008 (58 mm, w.e.) and 2009 (46 mm, w.e.) can be considered low snow years at PBP. These snowpacks amounts, for the most part do not reflect end-of-winter snowpacks found elsewhere in the High Arctic, nor can Resolute Bay snow data be considered representative of this low-lying wetland site.
Probability and snow depletion curves demonstrate that snowmelt was slow to start initially but then accelerated, triggered by favourable climatic conditions, resulting in a patchy snow cover a few days later. Spatial and temporal variability of the snowmelt pattern influences many aspects of a wetland's hydrology such as the timing of runoff, ground thaw and evaporation loss. Ground based in situ measurements of snow cover will continue to be important in High Arctic regions, especially in light of climatic variability/change, and for parameterization and validation of northern hydrology models and satellite imagery.
